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I . Objective 


To  design,  construct  and  test  a wood-fired  boiler 
used  in  conjunction  with  a heat  storage  unit  to  heat  a 
single-family  dwelling. 


( 
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II . Pro.ject  Implementation 

A,  Project  Planning  j^d  Equipment  Acquisition 

SYSTEM  DESIGN 

\vTien  consideration  is  given  to  tlie  design  of  a heating 
system  for  a domestic  building,  the  first  unkno\vm  that  must 
be  found  is  the  total  heat  loss  in  the  building.  Using 
this  figure,  the  size  of  the  heat  storage  unit  and  the  size 
of  the  boiler  can  then  be  found. 

BUILDING  HEAT  LOSS 

The  location  and  types  of  building  materials  that  are 

subject  to  heat  loss  in  the  house  under  study  appear  in 

{ 

7 ^ 

Table  1,  p.  2a.  Hie  data  in  this  table  summarize  the  num- 
bers of  square  feet  of  each  building  system  (walls,  ceiling, 
etc.)  that  have  a similar  coefficient  of  heat  loss.  These 
figures  were  then  used  in  Table  2 to  find  the  total  heat 
loss  through  each  building  system.  The  total  number  of 
square  feet  was  multiplied  by  the  coefficient  of  heat  loss 
for  that  system.  The  U factor  for  each  building  system  was 
found  by  adding  the  U factors  for  all  the  components  used  in 

each  building  system.  For  example,  the  U factor  for  the 

% 

ceiling  is  an  addition  of  the  sheetrock  used  (R=:.45)  and  the 
fiberglass  insulation  (IL=3.70  per  incli  or  44.4  for  12  inches) 


TABLE  1 

SQUARE  FOOTAGE  OF  BUILDING  SYSTEMS  IN  THE  HOUSE 
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JTor  a total  R value  of  44.85.  The  R value  sjnnholizes  the 
resistance  to  heat  flow  and  is  the  reciprocal  of  the  U value 
(heat  loss  coefficient).  As  a result,  44.85  (R  value  for 
tlie  ceilin'^'s)  is  divided  into  one,  giving  the  U value  for 
the  ceiling  building  system.  The  product  of  the  area  and 
tlie  heat  loss  coefficient  is  then  multiplied  by  the  design 
temperature  difference  to  equal  tlie  heat  loss  per  hour  through 
each  separate  building  system. 


TABLE  2 

TOTAL  HEAT  LOSS  IN  BTU  PER  HOUR  BY 
TRANSMISSION  AND  INFILTRATION 


Structure 

Area  or 
Volume 
(sq.ft . 
or  cu.  ft.) 

U 

Factor 

Design 

Temperature 

Difference 

(^F) 

Heat 

Loss 

Per  Hour 
(Btu) 

ceilings 

1682  sq.ft 

. .022 

90 

3350.36 

floors 

1682 

.168 

10 

2825.76 

A^'alls 

1768 

.040 

90 

6364.8 

doors 

40 

.050 

90 

180.0 

windows 

29o 

.609 

90 

16059.33 

infiltration 

5364  cu.ft 

. .018 

90 

5449.68 

TOTAL  Heat 

Loss  in 

Btu/hr . 

34209.93 

The  design  temperature  difference  in  Table  2 is  cal- 
culated by  subtracting  the  low  a:inual  average  for  the  local- 
itv  of  the  study  (-20*^F)  from  a comfortable  liomc  interior 
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tcmperature  (70^F).  This  gives  the  design  temperature 
difference  for  all  building  systems  exposed  to  the  outside. 
It  should  be  noted  that  the  design  temperature  difference 
for  the  floors  is  much  lower  because  the  basement  is  to  be 
heated.  The  products  of  the  area,  U factor  and  design 
temperature  difference  are  then  totaled  to  find  the  total 
heat  loss  in  the  house  used  in  the  study. 

The  amount  of  air  infiltration  is  found  by  finding  the 
total  volume  of  air  in  the  house  and  using  one-fourth  of 
that  figure  (one-fourth  of  the  air  is  displaced  every  hour). 
A new  home  may  have  one-half  of  the  air  displaced  every 
hour.  * However,  due  to  the  fact  tliat  the  house  used  during 
the  study  has  an  uninterrupted  plastic  film  as  a vapor 
barrier,  magnetically  sealed  steel  doors  and  \\rindows  that 
were  installed  and  insulated  W'ith  care,  a value  of  one- 
foiu*th  of  the  volume  being  displaced  every  hour  was  used. 

It  should  be  noted  that  even  though  the  window  area 
was  a small  fraction  of  the  total  area  exposed  to  heat  loss, 
the  heat  loss  through  the  windows  is  almost  equal  to  that 
of  the  other  areas  combined  (windows — 16059.35  Btu  per  hour 
heat  loss,  combined  other  areas — 18150.60  Btu  per  hour  heat 

♦Burgess  H.  Jennings,  Heating  and  Air  Conditioning 
(Scranton;  International  Textbook  Co . , 1956) , jr]  152. 


loss,  data  from  Table  2,  p.  28).  The  wlndoAvs  used  were 
Anderson  therraopcine  \vindo\vs  and  their  heat  loss  could  he 
greatly  reduced  tlirough  the  use  of  additional  storm  windows. 

HEAT  STORAGE  UNIT 

Having  foimd  the  total  heat  loss  in  tlie  house  (34209.93 
Btu  per  hour),  it  is  possible  to  calculate  the  size  of  the 
heat  storage  unit  needed.  Tv\0  factors  are  involved  when 
determining  the  size  of  the  heat  storage  luiit.  First  it  was 
determined  that  the  heat  storage  unit  should  hold  enough 
heat  to  keep  the  house  at  70^F  with  an  outside  temperature 
of  -20^F  for  at  least  36  hours.  Using  a temperature  differ- 
ence of  lOO^F  in  the  tajil':  (100*^F  minimum  for  effective 
heating  to  a maximum  of  200°F ) , it  was  then  possible  to 
calculate  the  size  of  the  storage  tanlc.  The  following  for- 
mula was  developed  by  the  researcher  for  this  purpose. 

(H,  ) (H  ) 

loss  s 

^ ~ ( atKwxSj^) 

where : 

V = volume  of  heat  storage  medium 

H-,  = heat  loss  per  hour  in  house  (34209.93 

Btu/hr) 

At  = temperature  difference  in  tanlc,  maxi- 
mun  minus  minimum  (100  F) 

V = weight  in  pounds  of  storage  medium  (water 

= 8.3  lb s/gal) 
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S = specific  heat  of  storage  medium  (speci- 
^ fic  heat  of  water  = 1.00) 

so : 


,,  (34209. 9o)  (36) 

- (100) (8. 3) (1) 


1483.8  gal. 


Using  tliis  figure  for  the  number  of  gallons  in  storage, 
a tank  mcasiLring  four  feet  in  diameter  and  sixteen  feet  in 
length  was  ordered.  Tliis  tank  was  calculated  to  have  a 
1504.03  gallon  capacity. 

BOILER 


The  size  of  the  fire  box  was  of  initial  concern  because 
it  was  thought  that  it  should  hold  enough  wood  to  heat  the 
water  in  the  storage  unit  lOO^F.  As  a result,  only  one 
loading  and  firing  would  be  necessary  for  a day  and  a half 
of  heat  for  the  house.  The  following  formula  was  developed 
to  find  tlie  size  of  the  fire  box. 

load 

^fb  - (\v')(h)(E) 

where: 


"fb 

Btu 


II  = 
E - 


= volume  of  the  fire  box  in  cubic  feet 

, , = number  of  Btu's  per  load 

load  ^ 

weight  of  lodgepole  per  cubic  foot  (24 

Ibs/ft^) 

number  of  Btu's  of  heat  in  a pound  of  dr 
wood  (8600  Btu/lb) 

estimated  efficiency  of  the  boiler  (.50) 


y 
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In  order  to  find  the  munber  of  Btu's  per  load  needed 
to  heat  the  water  in  the  storage  unit  100  degrees,  a simple 
calculation  was  used.  The  temperature  difference  (lOO^F) . 
is  multiplied  by  the  number  of  pounds  of  water  in  the  tank 
(1500  gallons  at  8.5  pounds  per  gallon  = 12,450  pounds). 
Therefore  lOO^F  multiplied  by  12,450  will  equal  1,245,000 
Btu's  in  storage.  This  figui^e  was  used  in  the  formula  as 
the  number  of  Btu's  per  load. 

Using  the  formula  for  the  volume  of  the  fire  box,  its 
dimensions  were  calculated: 

Vfb  = (24)  (8600)  (.50)  " 12.0639  cubic  feet 

Because  sheet  steel  is  obtainable  in  varying  lengths 
and  widths  of  four  feet,  it  could  be  made  four  feet  long 
with  less  waste.  The  final  dimensions  of  the  fire  box  were 
tlien  calculated  to  be  27  inches  high  by  22  inches  wide  by 
46  indies  long,  giving  a total  volume  of  15.8  cubic  feet. 

\vlien  split  wood  is  stacked,  there  is  actually  only  80?o 
actual  wood  in  the  total  volume  due  to  the  air  spaces.  Eighty 
percent  of  15.8  is  12.64  cubic  feet  of  actual  wood  in  the 
fire  box.  Burning  this  amount  of  wood  should  produce  the 
necessary  Btu's  to  raise  the  water  in  the  heat  storage  unit 
100  degrees. 
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After  the  size  of  the  firebox  was  calculated,  it  was 
necessary  to  find  the  amount  of  heat  absorption  area  needed 


to  transfer  the  heat  from  the  bui'ning  wood  to  the  water  for 
■» 

heat  storage  and  distribution.  The  following  formula  was 

used  for  this  calculation: 

( H ) Btu/hr 

A _ ^ 


wliere  : 

‘ A = surface  cirea  exposed  to  heat  transfer  in 
squ.  ft. 

K =:  constant  for  heat  transfer  through  1/4" 
hot  rolled  steel  (33,475) 

Btu/hr  = total  number  of  Btu's  available  in 
one  loading  of  the  fire  box  divided 
by  an  estimated  time  for  the  com- 
bustion of  the  wood  (7  hrs.) 

H = a factor  for  converting  the  area  of 
^ absorption  to  boiler  horsepower  (10) 

so : 


A 


(10)  (117,857) 

53,475 


55.13  square  feet 


The  original  design  for  tlie  boiler  was  a simple  cylin- 
der inside  a larger  cylinder.  However,  it  was  found  that 


this  design  did  not  have  enough  surface  area  for  heat  absorp- 
tion. As  a result,  a design  was  used  that  incorporated  fire 
tubes  that  would  g'reatly  increase  the  area  for  heat  transfer. 
Table  3,  p.  9,  lists  the  sizes  of  areas  of  the  boiler  that 


are  subject  to  licat  transfer. 
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TABLE  3 

AliEA  OF  HEAT  ABSORPTION  IN  THE  BOILER 


Part 

Dimensions 

Area 

Top  (fire  box) 

CM 

8 sq.ft 

Sides  (fire  box) 

(2'  X 4’)2 

16 

Back  (fire  box) 

2'  X 2' 

4 " 

Fire  tubes 

(3"dia.  ,33''long)18 

38.88" 

TOTAL 

66.88 

The  fire  tubes  are  momitecl  horizontcilly  above  the  fire 
box  so  tliat  the  burning  gases  pass  out  the  back  of  the  fire 
box  and  enter  the  fire  tubes  (refer  to  figure  I,  p.  lo)  - 
The  gases  then  move  forward  tlu^ough  the  fire  tubes  and  up 
the  flue  at  the  front  of  the  boiler.  The  complete  fire  box 
(excluding  the  door)  is  jacketed  with  water  and  in  addition, 
a water  reservoir  surrounds  the  fire  tubes.  Three  one-inch 
inlets  are  fitted  at  the  base  of  the  boiler  for  cool  water 
returning  from  the  heat  storage  unit  and  one  tliree-inch  out- 
let at  the  top  of  the  boiler  near  the  flue  for  water  convect- 
ing  to  the  heat  storage  unit. 

Access  doors  w^ere  provided  to  the  ends  of  the  fire  tubes 
due  to  the  fact  that  they  fire  subject  to  sooting  which  re- 
duces llie  efficiency  of  heat  transfer.  It  is  a simple 


-outlet  (water) 
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figure  1.  Fire  tube  boiler  (side  view). 
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matter  to  remove  one  of  these  doors  and  run  a clccining  rod 
doun  the  tubes  to  remove  the  soot. 

^sTien  using  hot  rolled  steel  that  will  be  exposed  to 
high  heat,  there  is  a possibility  of  warping.  To  alleviate 
this  problem  in  tlie  clecUi-out  doors,  a lining  of  3/8"  as- 
bestos sheet,  four  layers  thick,  was  installed  to  insulate 
the  sheet  metal  from  the  heat.  These  doors  and  the  fire 
box  door  wore  also  reinforced  around  the  periphery  with 
angle  iron.  This  creates  a heavy  but  very  stable  unit. 

hE.\T  CIRCULATION  AND  DISTRIBUTION 

Basically,  there  are  two  circuits  in  the  circulating 
svsteni.  One  circuit  connects  the  boiler  to  the  heat  stor- 

V 

age  unit.  The  other  circuit  connects  the  heat  storage  unit 
to  tlie  radiators  that  transfer  the  heat  from  the  water  to 
the  air  tliat  heats  the  house  (refer  to  figiirc  2,  p.  12)  • 
llie  boiler  to  heat  storage  unit  circuit  is  simple  in 
design.  It  consists  of  one  tliree-inch  line  that  connects 
the  bottom  of  tlie  heat  storage  unit  to  the  bottom  of  the 
boiler.  The  other  tliree-inch  line  connects  the  top  of  the 
boiler  to  the  top  of  the  heat  storage  unit.  Three-inch 
plumbing  was  used  to  allow  a large  volume  to  flow  and  there 
are  no  valves  or  pumps  in  the  circuit.  The  principle  of 


[ j I j j tube  radiators 


FIGURE  2.  Heating  system  schematic. 
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convection  (hot  water,  being  less  dense  £ind  lighter,  rises) 
is  used  to  transfer  water  from  the  boiler  to  the  heat  stor- 
age unit.  A pump  or  valve  installed  in  the  circuit  could 
cause  a constriction  in  the  line  through  loss  of  electricity 
to  the  pump  or  inadvertent  closing  of  the  valve.  This  con- 
striction would  allow  ste£im  to  be  produced  in  the  boiler  and 
create  the  possibility  of  increased  pressure  which  the 
system  could  not  handle. 

The  other  circuit  is  used  to  transfer  hot  water  to  the 
radiators  from  the  heat  storage  unit.  It  consists  of  a 
large  line  that  is  plumbed  to  the  top  of  the  heat  storage 
unit  to  pick  up  hot  water  for  the  radiator  system.  This 
line  is  divided  into  separate  circuits  at  a manifold  that 
distributes  the  liot  water  to  different  areas  of  the  house. 
There  are  three  sub-circuits,  one  going  to  the  family  room 
and  utility  room,  one  going  to  the  living  room,  and  one  heat- 
ing the  master  batluroom.  Each  of  these  circuits  is  fitted 
with  a valve  that  adjusts  the  flow  to  each  circuit.  The 
sub-circuit  used  to  heat  the  living  room  also  passes  tlu'ough 
a coil  installed  in  a concrete  slab  in  the  floor  of  the 
entr%VNav. 

The  radiators  used  in  these  sub-circuits  arc  conven- 
tional fin  tubes,  suspended  just  under  the  floor  joists. 
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Tliey  are  designed  to  heat  the  floor  of  the  room  above. 

The  return  line  from  these  sub- circuits  then  connects 
to  another  maiiifold  that  is  connected  to  the  bottom  of 
the  heat  storage  unit. 

A hot  water  circulating  pump  was  fitted  between  the 
manifold  and  the  heat  storage  unit  a-ud  then  wired  to  a 
thermostat  in  the  house.  As  the  house  cools  off,  the  pump 
circulates  water  to  the  radiators  raising  the  air  tempera- 
ture in  the  house,  and  shuts  off  when  the  air  in  the  house 
reaches  the  pre-set  temperature  on  the  thermostat. 

The  inlet  and  outlet  of  heat  circulation  circuit  cind 
boiler  circuit  arc  x)lumbed  to  the  storage  tank  in  such  a 
way  that  tlie  water  in  tlie  heat  storage  tanlc  can  be  somewhat 
isolated.  This  may  be  desirable  if  the  water  in  the  heat 
unit  is  cold  and  there  is  a demand  for  heat  in  the  house. 

A fire  can  be  built  in  the  boiler  and  the  hot  water  \\dll 
pass  into  the  tank  and  directly  into  the  heat  distribution 
system  for  quick  heat  in  the  house. 

The  water  pressure  in  tlie  whole  system  is  regulated 
by  three  means.  First,  a pressure  reducer  valve  Vvras  fitted 
which  serves  to  fill  the  system  with  water.  This  valve 
isolates  the  domestic  water  from  the  water  in  the  heating 
system  and  jnaintains  the  pressure  in  the  heating  system  at 
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about  six  pounds.  As  the  pressure  in  the  heating  system 
drops  below  this  pre-set  pressure,  the  reducer  valve  allows 
water  to  flow  from  the  domestic  water  supply  to  the  heating 
system  until  it  returns  to  pressure. 

A second  means  of  limiting  the  pressure  in  the  heating 
system  is  the  use  of  an  expansion  tank.  As  the  weitcr  in  the 
system  gets  hotter,  it  expands  and  the  expansion  tank  pro- 
vides a place  for  this  extra  volume  without  increasing  the 
pressure  above  a safe  limit.  Tlie  expansion  ta'tilc  is  basic- 
ally an  air  cushion  in  the  system;  as  the  water  exj^ands,  it 
begins  filling  the  expansion  tanlc  thus  compressing  the  air 
in  tlie  tanlc.  The  size  of  the  expansion  tanlc  was  computed 
by  finding  the  expansion  of  the  volume  of  water  used  in  the 
system.  With  a temperature  increase  of  150^F  (50^F  incoming 
water,  to  a high  of  20()^F  water  temperature  in  the  system 
after  heating) , the  water  was  found  to  expand  in  volume  by 
56.96  gallons.*  Because  the  system  could  not  tolerate  a 
substantial  increase  in  pressure,  a 160  gallon  expcUision 
tanlc  was  used.  This  will  increase  the  pressure  in  the  sys- 
tem 6-8  pounds  which  is  within  the  pressure  limits  of  the 
system. 

* Louis  Allen  lUirding  cuud  Artlim*  Cutts  Willard,  Heating 
Ventilation  and  Air  Conditioning  (London:  Chapman  and  Hall, 
1937) , p.  20. 
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If  the  pressure  should  increase  to  a point  tliat  threat- 
ens the  components  of  the  system,  a pressure  relief  valve 
will  open  and  allow  tlie  pressure  to  drop.  Tliis  valve  is 
plumbed  into  the  top  of  the  taidc  and  is  fitted  mtli  a bleed- 
off  line  to  a drain. 

The  materials  for  the  boiler  and  the  plumbing  were  ob- 
tained through  local  steel  supply  houses  and  plumbing  shops. 
The  basic  heat  storage  unit  was  fabricated  in  Billings  by 
Empire  Steel  and  was  subsequently  modified  to  fit  the  needs 
of  the  system. 

B.  System  Installation 

Fabrication  of  the  boiler  was  begun  in  January  of  1977 
and  was  completed  in  April  of  the  same  year.  Approximately 
150  man-hours  were  required  to  complete  the  boiler  and 
these  were  contributed  by  Richard  Hagan  and  Don  Lee,  a 
local  welder. 

The  heat  storage  unit  was  being  fabricated  during  this 
time  and  was  modified  before  it  was  installed  in  the  base- 
ment of  the  house.  In  the  spring  of  1977,  the  boiler  and 
heat  storage  unit  were  placed  in  the  basement  of  the  house. 

’ Work  began  in  the  fall  of  1977  on  the  installation  and 
plumbing  of  the  system  and  was  completed  in  March  of  1978. 
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Approxiraately  150  man-hours  were  involved  in  this  phase  of 
the  installation  and  these  v^rere  contributed  by  Doug  Polette 
and  Richard  Hagan, 
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C.  System  Testing  and  Modification 

PRESENTATION  OF  DATA 

INTRODUCTION 

The  purpose  of  evaluating  the  wood  heating  system  was 
to  determine  its  efficiency  with  respect  to  wood  consump- 
tion and  to  compare  it  to  a conventional  electrical  heating 
system.  In  .order  to  perform  this  evaluation,  a number  of 
variables  were  studied. 

First,  the  amount  of  heat  loss  through  the  building 
materials  for  each  week  was  calculated.  Then  the  amount  of 
energy  that  was  used  during  each  week  was  totaled.  From 
this,  tile  efficiency  of  the  wood  heating  system  could  be 
calculated  and  a comparison  to  electrical  heating  made. 

Primary  interest  was  focused  on  hoiv'  mucii  heat  w^as 
realized  by  the  amount  of  wood  or  electricity  that  was 
used. 

BUILDING  HEAT  LOSS  CALCULATION 

The  process  developed  by  the  researcher  to  find  the 
amount  of  energy  consumed  each  week  was  as  follow's: 

Average  temperature  difference  (inside  to  outside) 

per  day  X building  heat  loss  coefficient  per  lioiur* 

X 24  hours  X 5 days  = Total  Heat  Loss  Per  Week 
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The  average  temperature  difference  for  each  day  was 
found  by  averaging  the  temperatures  recorded  by  thermo- 
graphs at  each  hour  and  tlien  subtracting  the  outside  read- 
ings from  the  inside  readings.  The  temperatures  were  re- 
corded in  degrees  Celsius  and  converted  to  degrees  Farenheit, 
as  current  methods  use  the  latter  for  calculation.  Table  4 , 
page  ^0,  is  a listing  of  the  temperature  difference  for  each 
day  of  the  week  during  the  study  period.  This  average 
temperature  difference  for  each  hour  of  the  day  was  then 
multij^lied  by  the  heat  loss  coefficients  for  the  building 
systems  in  the  house  and  then  multiplied  by  24  to  find  the 
heat  loss  for  that  day.  These  heat  losses  were  totaled  to 
find  the  heat  loss  for  the  five  days  under  study.  The  five 
day  period  was  used  to  allow  two  days  between  runs  for  time 
to  switch  from  one  heat  soiuce  to  the  other. 

It  is  revealed  in  Table  4 , page  20,  that  the  weather 
was  reasonably  uniform  throughout  the  five  week  test  period. 
Dm-ing  the  weeks  in  which  wood  was  used  as  a heat  source, 
the  temperatures  were  slightly  lower  thus  creating  a higher 
heat  loss  in  the  house. 

Tliese  figures  show  the  heat  loss  from  the  house  only 
and  do  not  account  for  heat  loss  in  the  basement  or  through 
the  floor.  These  cidditional  l\eat  loss  figures  were  added 
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to  the  total  for  each  week  as  the  conditions  in  the  house 
changed  with  eacli  sliilt  in  the  heat  source.  During  the 
weeks  in  whic}i  electricity  was  used  to  heat  the  house,  the 
basement  was  not  heated  and  the  heat  loss  through  the 
floor  was  added  to  the  total  loss  through  the  rest  of  the 
house.  The  basement  was  considered  to  have  a temperature 
equal  to  that  of  tlie  surrounding  ground  (45^F)  and  the 
temperature  differential  was  determined  using  the  heat  loss 
coefficient  of  the  flooring  system  and  a temperature  dif- 
ference of  25*^F  (70^F  - 45®F). 

During  the  weeks  in  which  wood  was  used  as  a heat 
source,  the  basement  w£is  heated  along  witli  the  house.  This 
was  due  to  tlie  fact  that  radiators  for  the  hot  water  system 
were  suspended  from  the  floor  Joists  and  there  was  no  insul- 
ation under  them  to  isolate  the  heat  and  force  it  to  con- 
duct through  the  floor.  As  a result,  the  heat  loss  through 
the  uninsulated  concrete  walls  was  added  to  the  heat  loss 
in  the  house.  This  heat  loss  is  considerable  in  comparison 
to  the  total  loss  from  the  house,  as  noted  in  Table  5,  p. 
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TABLE  5 

TOTAL  IIEAT  LOSS  PER  \\EEK , HOUSE  AND  n.OOR  OR  BASEMENT 


Week 

Heat  Loss 
House 
Btu/wk 

Heat  Loss 

Floor  or  Basement 
Btu/wk 

Total 

Mar . 

20-24 

1,576,212.8 

4,821,336.0 

6,197,548.8 

Mai’ . 

27-31 

1,058,264.8 

22,412.65 

1,080,677.4 

Apr. 

3-7 

1,390,850.6 

4,821,336.0 

6,212,186.6 

Apr . 

10-14 

1,291,677.6 

22,412.65 

1,314,090.2 

Apr. 

16-20 

^ 1,208,308.8 

4,821,336.0 

6,029,644.8 

Tlie  total  heat  loss  for  each  week  can  then  he  compared 
with  the  amount  of  energ,y  used  that  week  to  show  tlie  effi- 
ciency of  heat  heating  system. 

D.  System  Efficiency 

ENERGY  USE  CALCULATION 


The  amount  of  electricity  used  during  eacli  week  that 
the  electric  hasebocird  heaters  w'ere  used  to  lieat  the  house 
is  a simple  calculation.  The  kilo\v'att  hour  meter  isolating 
the  electric  baseboard  heaters  was  read  at  the  beginning 
and  end  of  each  week.  The  difference  in  readings  from 
beginning  to  end  was  then  multiplied  by  3,413*  to  give 
the  number  of  Btu's  in  electrical  energy  used  that  week. 
These  totals  are  shovn  in  Table  .6,  J)age  23. 


* Conklin,  p.  167. 
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Tlie  amount  of  energy  used  during  the  weeks  that  the 
wood-fired  boiler  was  used  to  lieat  the  house  was  found  by 
weighing  all  the  wood  used  that  week.  Because  all  wood 
has  8,600  Btu's  per  pound  (with  the  exception  of  highly 
resinous  wood),  the  total  w^eight  of  wood  consumed  could  be 
converted  into  Btu's  used  that  week.  These  totals  are 
also  presented  in  Table  6. 


TABLE  6 

TOTAL  HEAT  LOSS  VERSUS  ENERGY  USED 


Week 

Total 

Heat  Loss 
(Btu/wk) 

Wood 

Electricity 

Amt . 
Used 
(lbs) 

Energy 

Used 

(Btu) 

Amt . 
Used 
(kwh) 

Energy 

Used 

(Btu) 

Mar . 

20-24 

6,197,548.8 

894 

7,688,400 

Mar. 

27-31 

1,080,677.4 

228 

778,164 

Apr. 

3-7 

6,212,186.6 

902 

7,757,200 

Apr . 

10-14 

1,314,090.2 

275 

938,575 

Apr . 

16-20 

6,029,644.8 

976 

8,393,600 

During  the  weeks  of  March  27-31  and  Ai)rll  10-14  when 
the  electrical  system  was  in  use,  the  amount  of  electricity 
needed  in  Btu's  was  less  than  what  was  actually  lost  in 
the  house.  The  electric  resistance  type  heaters  used  are 
100%  efficient  and  no  account  was  made  for  otlior  sources  of 
heat  such  as  sim  infiltration  and  cooking.  Tlic  sun 
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infiltration  on  a:i  uncurtained  window  can  be  a significant 
contributor . * 

It  should  also  be  noted  that  the  energy-used  calcula- 
tions do  include  the  two  days  between  tlie  testing  period 
while  tlie  total  heat  loss  is  only  calculated  on  the  five 
day  testing  period.  This  occurred  because  there  was  con- 
siderable overlap  on  the  heating  sources  due  to  the  fact 
that  it  was  ^difficult  to  start  and  stop  each  system  abruptly. 
There  was  also  considerable  residual  heat  left  in  the  liouse 
at  the  end  of  a test  period  that  would  be  included  in  the 
next  test  period.  However,  these  figiu’cs  are  used  in  a 
compai'ative  sense  and  should  not  affect  the  results  because 
the  same  method  was  used  for  each  energy  source  period. 

BOILER  EFFICIENCY 

Tlie  efficiency  of  the  boiler  in  the  number  of  Btu's 
that  it  can  extract  from  the  burning  w^ood  versus  tlie  iioten- 
tial  number  of  Btu's  that  are  available  in  the  wood  can  be 
calculated  from  tlie  data  in  Table  6,  page  23.  Table  7, 
p,  25  presents  the  appropriate  data  describing  the  effi- 
ciency of  the  \\'Ood  fired  boiler. 

*Conl^>  111,  p.  34. 
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TABLE  7 

EF'FICIENCY  IN  PERCENT  OF  THE  WOOD-FIRED  BOILER 


Total  Heat 

Potential 

% Heat 

Total  Heat 

Efficiency 

Recorded 

Heat  of 

Contributed 

Extracted 

of 

in  House 

Wood  Used 

by  Other 

by 

Boiler 

(Btu) 

(Btu) 

Sources  (Btu) 

Boiler (Btu) 

(%) 

18,439,579 

25,839,200 

28.51 

13,219,191.0 

55% 

Data  in  Table  7 reveal  the  total  lieat  recorded  in  the 

•k 

house  is  an  addition  of  the  heat  losses  in  the  house  for 
the  tliree  weeks  that  wood  was  used  as  the  heat  source.  Tlie 
potential  number  of  Btu’s  available  in  the  wood  was  found 
by  adding  the  poimds  of  wood  used  for  the  three  weeks  and 
then  multiplying  by  the  number  of  Btu's  in  a pound  of  wood. 

Because  there  were  other  contributors  of  heat  during 
the  test  period  such  as  sun  infiltration,  cooking,  and  heat 
from  people  in  the  house,  only  part  of  the  total  heat  loss 
recorded  in  the  house  was  contributed  by  the  wood  heating 
system.  Due  to  the  fact  that  the  electrical  resistance 
heater  is  100%  efficient,  tlie  additional  amount  of  Btu's 
recorded  in  the  house  during  the  test  periods  which  used 
electricity  can  be  used  to  find  the  percentage  of  heat  con- 
tributed by  other  sources  of  heat.  It  was  found  that  the 
electrical  heaters  accounted  for  71.69%  of  tlic  total  heat 
recorded  in  the  liouse  during  tlie  electrical  licating  test 
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pcriod  (1,716,739  divided  by  2,394,767.6  multiplied  by  100; 
data  from  Table  6 ,P*  23);  therefore  28.31%  was  contributed 
by  unrecorded  heat  sources. 

hlien  28.31%  of  the  heat  recorded  in  the  house  is  sub- 
tracted from  the  total  heat  recorded,  the  total  heat  re- 
corded in  the  house  that  was  contributed  by  the  wood  heat- 
ing system  is  found.  The  efficiency  can  then  be  calculated 
using  this  adjusted  heat  recorded  datum  (13,219,191.0 
divided  by  23,839,200  multiplied  by  100,  or-  55%  boiler 
efficiency) . 

WOOD  VS.  ELECTRICIIT:  COST  ANALYSIS 

Using . current  rates  for  both  electricity  and  wood,  a 
direct  comparison  can  be  made  of  the  energ^^  sources  used  in 
this  study.  This  information  is  summarized  in  Table  8 
page  27 . 

The  amount  of  wood  or  electricity  used  and  t]ie  corre- 
sponding number  of  Btu's  that  were  actually  realized  in  the 
heating  of  the  liouse  are  taken  from  Table  .'6,  p.  23.  In  the 
case  of  wood,  the  three  wrecks  during  wliich  wood  was  used  as 
the  heat  soirrce  were  added  togetlier.  Likewise,  the  two 
weeks  during  wliich  electricity  was  used  as  the  heat  source 


w'ere  added. 


ENERGY  SOURCE  USE  AND  WOOD  VS.  ELECTRIC  COST  COMPARISON 
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The  cost  of  wood  as  an  energy"  source  in  Table  14,  p.  51 
was  calculated  by  first  finding  the  volume  in  cubic  feet  in 
a cord  of  wood.  Because  part  of  that  volume  is  due  to  air 
spaces  in  the  stack,  80?o  of  the  total  volume  was  used. 
Tlicrefore  a cord  of  128  cubic  feet  (4'  x 4'  x 8')  is  mul- 
tiplied by  80?o  to  find  the  actual  amount  of  wood  in  the 
cord.  lliis  figure  (102.4  cubic  feet)  is  then  multiplied  by 
25.5  pounds  per  cubic  foot  to  give  the  number  of  pounds  in 
a cord  of  lodgepole  (2611.2  poimds) . At  $30.00  j^er  cord 
of  firewood,  the  cost  of  a pound  of  firewood  can  be  found 
by  dividing  SoO.OO  by  2611.2  pounds,  resulting  in  $0.0114889 
per  pound  of  lodgepole. 

The  cost  of  electricity  recorded  in  Table  8,  p.  .27 
was  found  by  using  the  total  kilowatt  hours  used  during  the 
two  week  test  period  and  applying  this  total  to  the  cui'rent 
rate  schedule: 


TABLE  9 

SCHEDULE  FOR  C.U.CELATING  COST  OF  ELECTOICITY  USED 


Kv-h 

Rate (0/kwh) 

Cost(S) 

first  20  kwh 

.0169 

.338 

next  80  kwh 

.0538 

4.304 

next  100  kwli 

.0376 

3.760 

any  add.  303  kwh 

.0183 

5.6964 

TOTAL  503  k\di 

$14.0984 
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Therefore,  for  503  kilowatt  hours,  2,394,767.6  Btu's 
v\rere  realized  in  the  house  and  they  cost  S14.10.  The  cost 
of  So. 02803  per  kwh  reported  in  the  table  is  a division  of 
503  kwh  by  Si 4. 0984  to  find  the  cost  per  kilovsratt  hoiur*  for 
this  study  and  is  only  true  if  503  kilowatt  hours  are  used 
The  cost  of  each  energy  source  is  foimd  by  multiply- 
ing the  cost  of  each  per  pound  or  kilowatt  hour  by  the 
number  of  pounds  or  kilowatt  hours  used.  The  result  is  then 
divided  by  tlie  number  of  million  Btu's  realized  in  the 
house  in  each  case.  Thus  tlie  cost  per  million  Btu's  of  wood 
was  found  to  be  $1.73  and  tlie  cost  per  million  Btu's  of 
electricity  was  found  to  be  S5.89. 

CONCLUSION 

The  major  purpose  of  this  chapter  was  to  evaluate  the 
performance  of  the  wood-fired  boiler  in  terms  of  efficiency 
and  to  compare  it  to  cin  electrical  heating  system.  To  accom- 
pli sh  this,  the  amount  of  heat  that  A\ras  realized  in  the 
house  w'as  compai^ed  to  the  actual  energy  input  to  each  heating- 
system.  These  fignres  were  then  translated  into  cost  of 
each  energy  source  to  find  whether  a wood  heating  system 
was  competitive  with  an  electrical  heating  system.  The 
efficiency  of  the  wood-fired  boiler  was  determined  by 
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measiu'ing  the  potential  energy  input  and  comparing  it  to  the 
energy  that  vas  transferred  to  the  water  for  heating  tlic 
house . 

In  surtunary  of  the  data  presented  in  tliis  chciptcr,  the 
wood  heating  system  provided  lieat  at  ^1.75  per  million 
Btu's,  the  electrical  heating  system  provided  heat  at  S5.89 
per  million  Btu's  and  the  boiler  operated  at  an  efficiency 
of  55?o.  Therefore,  a dollar's  worth  of  wood  is  equal  to 
$3.40 's  worth  of  electricity. 
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E.  System  Cost 

The  following  table  lists  the  costs  of  the  project. 
The  items  with  asterisks  (*)  are  costs  that  were  not  reim- 
bursed by  the  grant. 

TABLE  10 


Item 

Cost 

Materials: 

tank  (fabrication  and  shipping) 
boiler 

S490.00 

pipe  (fire  tubes) 

55.00 

steel  (flan  and  angle  iron) 

482.72 

fire  brick 

35.33 

misc.  (bolts,  fittings,  door  seal,  etc.) 

17.73 

timbers  (tank  support) 

75.00 

pressure  tank  (120  gal.) 

166.55 

pressure  tank  (40  gal.)* 

80.00 

thermographs 

359.00 

welding  rod  and  gas 

42.55 

asbestos  (door  liner) 
plumbing  materials 

21.90 

pipe,  pump,  threading,  fittings,  valves, 
air  relief  valves,  etc. 

897.15 

insulation 

157.90 

gas  (plumbing)* 

7.50 

flue  tile* 
plumbing  supplies 

pressure  guage,  drain  pipe,  2- in.  valve, 
hot  water  preheat,  thermometers,  etc.* 

75.00 

657.50 

concrete  (floor  and  walls)* 

525.00 

Labor : 

boiler  fabrication 

750.00 

plumbing  and  installation 

200.00 

Travel: 

trip  to  Lincoln  to  see  Sherman  Coolc 

90.25 

Office  supplies: 

commimi cation , final  report,  etc. 

150.00 

TOTAL 

5,336.08 
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If  the  labor  on  the  project  had  been  paid  at  S7.00  per 
hour, there  would  he  an  additional  S1225.00  in  the  cost  of 
the  system.  As  it  was,  we  did  not  hire  plumbers  to  install 
the  system  and  little  money  was  paid  for  the  time  spent  on 
the  fabrication  of  the  boiler  and  refitting  the  storage 
tank.  However,  for  the  sake  of  realism,  this  figure  should 
be  added  to  the  listed  costs  in  the  above  table: 

55. 336.08 
+ 1,225.00 

56.561.08 


F.  Economic  Evaluation 


To  calculate  the  amomit  of  electricity  used  during  a 
year  for  the  electrical  heating  season,  the  following  for- 
mula  w^as  used. 


Kwh 


ILL  X DD  X C 
TD 


HL  = heat  loss  of  tlie  building  in  kw  or  total  heat  loss 
per  hoiu'  divided  by  3413  Btu  in  one  kw. 

DD  = annual  degree  days  for  the  area  (7930) 

TD  - temperature  difference  between  the  inside  and  out- 
side design  temperature  in  degrees  F.  (90) 

C = constant  (15) 


f 


SO : 


34209.93 


X 7930  X 15 


= 13,247.61  kwh/yr. 


kwh 


3413 


90 
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We  can  then  divide  13,247.61  by  503  kwh  (the  amount 
used  in  the  study  for  two  weeks);  then  times  S14.10  (which 
is  what  503  kwh  cost  in  June,  1978)  to  equal  S371.35.  This 
should  be  a rough  estimate  as  to  the  fuel  costs  for  one 
year  of  heating. 

It  is  estimated  that  it  will  cost  around  S50.00  per 
year  to  cut  wood  for  the  wood-fired  boiler,  so  this  figure 
is  deducted  from  the  $371.35  to  equal  $321.35.  Theoreti- 
cally, we  Eire  saving  this  amount  each  year  using  the  wood 
heating  system.  If  we  divide  this  into  the  initial  cost  of 
the  system,  $6561.08,  it  should  take  about  20  years  to  pay 
for  the  system. 

Ill . Conclusions  and  Recommendations 

One  of  the  initial  objectives  of  the  project  was  to 
burn  wood  fast  and  at  a high  temperature.  This  would  raise 
the  efficiency  of  the  boiler  and  reduce  the  amount  of  smoke 
produced.  In  practice,  for  the  initial  hour  or  so  of  firing, 
there  was  considerable  smoke  produced  wliich  lowered  the 
efficiency  of  the  boiler  as  those  gases  were  still  volatile. 
The  tempereitures  iv'ere  not  high  enough  in  the  boiler  to  burn 
them.  It  would  hfive  helped  to  preheat  the  intake  air, 
provide  secondary  air  for  the  flue  gases,  and  force  draft 
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the  boiler.  Plans  have  been  made  to  modify  the  boiler  before 
the  next  heating  season  to  eliminate  this  problem. 

During  the  test  period,  the  basement  was  not  insulated 
and  this  caused  heat  loss  through  the  basement  walls.  Before 
the  next  heating  season,  these  walls  will  be  insulated  which 
will  cut  the  wood  consumption  considerably. 

In  other  respects,  the  system  performed  as  expected. 

IV.  Monitoring 

Each  year  the  number  of  cords  of  wood  used  in  the  sys- 
tem \vT.ll  be  recorded  to  evaluate  the  performance  of  the 
system. 

V.  Public  Availability 

The  system  is  available  to  be  reviewed  at  any  time; 
please  call  to  set  up  a time. 

VI . Program  Evaluation 

We  have  had  a problem  concerning  the  time  lag  betvsreen 
requests  and  receipts.  In  all  other  respects,  the  Department 
has  been  very  helpful  and  cooperative.  The  program  is  a 
good  one  and  should  be  continued.  It  provided  an  opportunity 
for  study  that  otherwise  would  not  have  been  within  the 
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reach  of  private  parties.  It  is  felt  that  our  project  has 
proven  some  things  ^^bout  heating  \\dth  wood  that  can  be  used 
by  the  general  public  as  well  as  by  other  researchers. 
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15  copies  of  this  pubiic  document  were  pubiished  at 
an  estimated  cost  of  $3.50  per  copy,  for  a total  cost  of 
$52.50,  which  includes  $52.50  for  printing  and  $.00  for 
distribution. 


